A population of Hoechst 33342-stained cells, termed side population (SP) cells, can reconstitute the hematopoietic system of syngeneic mice. This study examined whether limiting numbers of SP cells can repopulate mice across a xenogeneic MHC class I barrier. SP cells were isolated from HLA.B7 and HLA.A2.1 transgenic mice by FACS and placed in colony assays or transplanted into irradiated C57BL/6 (B/6) recipients. SP cells contained few colony-forming cells when placed directly in culture. The number of GM-CFC and HPP-CFC increased up to 3000-and 300-fold, respectively, after 7 days in IL-3-and SCF-stimulated liquid culture. BMC-derived GM-CFC increased up to only 12-fold and HPP-CFC decreased after 7 days in culture. HLA-B7 SP cells (2500-5000) were transplanted into lethal-irradiated B/6 mice. Two-color flow analysis, 4-6 weeks after transplantation, showed that HLA-B7 expression in granulocyte-, macrophage-, and lymphocytespecific lineages from reconstituted mice was similar to that in B7 transgenic mice. Secondary transplanted B/6 mice also showed a pattern of HLA-B7 expression similar to that in transgenic mice and were followed for longer than 16 weeks with stable chimerism. When HLA-A2.1 SP cells were transplanted into sublethally irradiated mice, 50% of the mice expressed HLA-A2 by PCR analysis in short-term repopulation studies. These data confirm that limiting numbers of SP cells can repopulate the major hematopoietic lineages in lethal and sublethally irradiated mice across a human MHC class I barrier. Therefore, SP cells may be useful for establishing mixed chimerism, which may induce immunologic nonresponsiveness to donor antigens in solid organ transplantation.
INTRODUCTION
than myeloablative conditioning regimens have been aggressively pursued with bone marrow transplants (1, 9) . A major impediment to progress in solid organ trans-HSC are optimal cells for allogeneic repopulation or inplant continues to be allograft rejection and patient mortroduction of donor genes because these cells should not bidity and mortality resulting from nonspecific lifetime produce graft-vs.-host disease due to thymus reeducaimmunosuppression. Donor-specific transplantation toltion, and HSC have the potential to develop into all the erance can be induced in lethally irradiated recipients mature cells in the blood. By virtue of being able to selfusing allogeneic bone marrow transplantation to produced renew, HSC provide long-term hematopoietic reconstichimerism (6,7,11). However, allogeneic bone marrow tution whereby the recipient would be continuously recipients are susceptible to graft failure and impaired exposed to donor antigens. This constant exposure to immune function and are at considerable risk for graftthe donor antigens would help ensure ongoing central vs.-host disease. To reduce the risks associated with bone deletion of donor-reactive T-cell clones, an important marrow transplantation for chimerism and tolerance inmechanism for specific tolerance induction in mixed duction, several strategies have been developed to achieve chimeras, thereby resulting in a permanent state of engraftment of hematopoietic stem cells (HSC) expressdonor-specific tolerance (13). ing foreign antigens (2, 15) . For example, chimerism and Unfortunately, difficulty in isolating a pure populadonor-specific tolerance has been accomplished using tion of HSC has been a significant barrier to successful autologous bone marrow transplantation where the auchimerism and tolerance induction strategies. A novel tologous cells were engineered to express donor antigens technique for staining and isolating murine HSC was (8, 12, 14, 16, 17) . In addition, myelosuppressive rather recently described by Goodell et al. (4, 5) . The fluores-780 JACKSON ET AL. cent vital dye, Hoechst 33342, binds DNA and follow-cells/ml in prewarmed Iscove's modified Dulbecco's medium (IMDM) containing 2% fetal bovine serum ing excitation of the dye the labeled cells can be analyzed or sorted by simultaneous detection of the two (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin, 1 mM HEPES, and 3-5 µg/ml Hoechst 33342. Cells emission spectral wavelengths. This technique has been used to identify a small population (0.05-0.1%) of bone were incubated at 37°C for 90 min. Immediately after the incubation, the cells were placed on ice until ana-marrow cells, termed side population (SP) cells, that appears to be enriched for HSC (4, 5) . In this study we lyzed or sorted using a FACStar plus flow cytometer. In some cases, directly labeled antibodies (Pharmingen, confirm that SP cells contain a primitive population of hematopoietic progenitor cells by in vitro colony assays San Diego, CA) to CD34 (FITC) and Sca-1 (PE) were used to examine the expression of CD34 and Sca-1 on and document multilineage repopulation of lethally and sublethally irradiated recipient mice using MHC-mis-SP cells. After staining with Hoechst 33342, the cells were placed on ice and antibodies to CD34 and Sca-1 matched donor SP cells by in vivo serial transplantation.
added at a concentration of 1 µg/1 × 10 6 cells. The cells
MATERIALS AND METHODS
were incubated for 20 min, washed using IMDM, and Animals placed on ice for analysis. All antibody staining steps were performed at 4°C. Five-to 6-week-old male C57BL/6 (B/6) mice were purchased from Jackson Laboratory (Bar Harbor, ME).
HLA-A2.1 (homozygous) and HLA-B7 (heterozygous)
Isolation of SP Cells transgenic mice on a C57Bl/6 background were pro-Hoechst-stained bone marrow cells were sorted using vided by Dr. Victor Englehard (University of Virginia)
a FACStar plus cytometer. The Hoechst 33342 dye was and were bred and maintained at the University of Neexcited with a UV laser at 350 nm. Dual-wave fluoresbraska Medical Center.
cence detection was performed using a 450-nm band Bone Marrow Isolation and Hoechst 33342 Staining pass filter (blue) and a 675-nm EFLP optical filter (red). Separation of the two emission wavelengths was per-HLA-A2.1 or HLA-B7 transgenic bone marrow cells formed using a 610-nm DMSP dichroic mirror. The were isolated from both femurs and tibias as described Hoechst blue and red emissions were presented on a linpreviously (18) . Cells were stained with 3-5 µg/ml ear scale. Forward and side scatter gates were used to Hoechst 33342 as described by Goodell with minor eliminate erythrocytes and debris. After 5 × 10 4 to 1 × modifications (4,5). Briefly, bone marrow cells were 10 5 events were collected the SP was identified. A sort counted and the cell concentration adjusted to 1 × 10 6 12.6 0.1* Fifteen hundred SP cells or 1 × 10 5 whole bone marrow cells from B6 mice were placed in colony assays immediately after purification or after 7 days in liquid culture with cytokines [IL-3 (10 ng/ml) and SCF (100 ng/ml)]. Groups of 50 or more cells were scored as GM-CFC colonies. Colonies greater than 2 mm in diameter were scored as HPP-CFC colonies. All colony numbers are the mean of triplicate plates. Enrichment is calculated as the ratio of post-7-day colonies to initial colonies. *For the calculation of fold increase, the number of colonies (initial or post-7-day culture) <1 is assumed to be 1.
gate was established on the SP cells and the cells sorted infused via the lateral tail vein in a final volume of 0.5 ml Hank's balanced salt solution (HBSS). Four mice into tubes containing 100% FBS.
were used per experiment.
GM-CFC Assay Assessment of Chimerism SP cells and whole bone marrow cells or ex vivo ex-
RT-PCR. Six weeks after transplantation, peripheral panded cells were seeded into 35-mm petri dishes blood, bone marrow, and spleen from recipient mice containing IMDM, 0.3% agar, 25% FBS, 100 U/ml penwere removed and single-cell preparations were made. icillin, 100 µg/ml streptomycin, 5 × 10 −5 M 2-mercapto-RNA was isolated from cells using TRIzol reagent acethanol, and 10 ng/ml recombinant mouse IL-3. Cultures cording to the manufacturer's instructions. Reverse tranwere incubated for 7 days at 37°C in a humidified atmoscription reactions were performed using 2 µg of total sphere containing 5% CO 2 in air. Groups of 50 or more RNA and random hexamer primers. cDNA products cells were scored as colonies.
were amplified using HLA-A2.1-or HLA-B7-specific HPP-CFC Assay primers (12).
SP cells and whole bone marrow cells or ex vivo ex-
Flow Cytometry Analysis panded cells were seeded in 60-mm petri dishes contain-Peripheral blood, bone marrow, and spleen cells from ing IMDM, 0.3% agar, 25% FBS, 100 U/ml penicillin, recipient mice were prepared as a single-cell suspension 100 µg/ml streptomycin, 5 × 10 −5 M 2-mercaptoethanol, in phosphate-buffered saline (PBS) with 1% BSA (PBSand 10 ng/ml recombinant mouse IL-3 and 10% L cell BSA). One million cells were incubated with antibodies conditioned medium. Cultures were incubated for 12 to HLA-A2.1 and HLA-B7 on ice for 30 min. Cells were days at 37°C in an humidified atmosphere containing washed two times in PBS-BSA and incubated on ice 5% CO 2 in air. Colonies 2 mm or larger in diameter for 30 min with a secondary goat anti-mouse antibody were scored as HPP-CFC colonies. conjugated with PE. In some cases, two-color analysis Ex Vivo Expansion was used to assess the expression of HLA-A2.1 and HLA-B7 expression on different splenic cell lineages.
SP cells or whole bone marrow cells were placed in
Other antibodies used to identify specific cell populasix-well culture plates containing IMDM, 10% FBS, 100 tions included FITC directly labeled CD3, CD11b, U/ml penicillin, 100 µg/ml streptomycin, 10 ng/ml re-CD45R (B220), and Ly-6G (Pharmingen). All analyses combinant mouse IL-3, and 50 ng/ml recombinant stem were performed using a FACStar plus cytometer. A minicell factor (SCF). The plates were incubated at 37°C in mum of 5000 events were collected and stored in list a humidified atmosphere containing 5% CO 2 in air for 7 mode. days. The cells were harvested and used to assess the colony-forming cell content.
RESULTS

Transplantation Identification and Culture of Hoechst 33342-Stained Murine Bone Marrow Cells
Six-week-old male B/6 mice were given acidified water (diluted HCl, pH 3-4) 24 h prior to irradiation.
As shown in Figure 1A , a side population (SP) similar to that described by Goodell et al. was identified in Whole-body irradiation was accomplished with a single dose of 975 cGy for lethal irradiation or 750 cGy for mouse bone marrow and represented 0.03-0.08% of the total bone marrow cell population (4) . The SP cells con-sublethal irradiation using a 60 Co irradiator at a dose rate of 78 cGy/min. Four to 6 h after irradiation, cells were tained >50% Sca-1 + cells and low to negative CD34 + cells (Fig. 1B) . This is also consistent with previously crease in primitive progenitor cells (HPP-CFC) by cytokine-induced differentiation and an expansion of the more reported studies (5).
Fifteen hundred B/6 SP cells or 1 × 10 5 whole bone mature progenitor cells (GM-CFC). These data show that SP cells contain a primitive population of hemato-marrow cells were placed in colony assays. SP cells contained few colony-forming cells when placed directly in poietic cells that can be induced to differentiate in liquid culture in the presence of cytokines. colony-forming assays. However, if the SP cells were incubated with IL-3 and SCF for 7 days in liquid culture Serial Repopulation With MHC-Mismatched SP Cells prior to analysis for colony-forming cells, the number of in Lethal-Irradiated Mice GM-CFC and HPP-CFC increased >3000and >300fold, respectively. In contrast, the number of whole bone To further confirm that SP cells possess stem cell activity, serial bone marrow transplantation experiments marrow-derived GM-CFC increased approximately 12fold and HPP-CFC decreased after incubation for 7 days were performed. SP cells (2500 or 5000) from transgenic mice expressing the human HLA-B7 gene were with cytokines. Data from a representative experiment are shown in Table 1 . These data are consistent with a de-sorted and transplanted into lethal-irradiated (975 cGy) B/6 mice (n = 4). All transplanted animals survived. Six weeks after transplantation, the expression of HLA-B7 in the spleen, bone marrow, and peripheral blood was similar to that found in HLA-B7 transgenic mice ( Fig.  2A, B, C) . Two-color flow cytometric analysis showed that the percentage of HLA-B7-expressing cells in granulocyte, macrophage, and lymphocyte lineages in transplanted mice was similar to that in heterozygous HLA-B7 transgenic mice (Fig. 2D) . No difference was seen in the repopulation parameters with the different cell doses used (2500 or 5000 SP cells). Secondary transplantation was performed by infusing 5 × 10 6 bone marrow cells from HLA-B7 reconstituted B/6 mice into lethal-irradiated B/6 recipient mice 6 weeks after primary transplantation (n = 4). Assessment for chimerism 6 weeks postsecondary transplant was performed in the same manner as was described for the primary transplantation recipients. Multilineage expression of secondary recipient data is shown in Figure 3 . Two-color flow analysis of secondary recipient spleen cells was identical to that of heterozygous HLA-B7 transgenic mice (Fig. 3A) . A representative analysis of two-color staining for HLA-B7 on T cells, B cells, macrophages, and granulocytes is shown in Figure 4 . Secondary transplants maintained stable chimerism for longer that 16 weeks (data not shown).
Multilineage Contribution by MHC-Mismatched SP Cells in Sublethal-Irradiated Mmice
In order to achieve multilineage mixed chimerism across MHC barriers using nonlethal conditioning, SP cells from HLA-A2.1 transgenic mice were transplanted into sublethal-irradiated (750 cGy) B/6 mice. Two mice received 5000 HLA-A2.1 SP cells and two mice received 1000 HLA-A2.1 SP cells. Four weeks posttransplant, spleen and blood cells from one recipient mouse from each cell dose were analyzed by RT-PCR for HLA-A2.1 expression. Both recipients had evidence of donor cells; however, only the 5000 SP cell-injected mouse was found to have evidence of donor cells as measured by flow cytometry (data not shown). or other surface receptors and their lack of expression lier report (5). Transplantation experiments showed that infusion of 2500-5000 SP cells reconstitutes multiple of lineage differentiation markers. A novel use of the vital dye Hoechst 33342, reported by Goodell et al. (4) , lineages in lethally irradiated MHC-mismatched recipients (confirmed by secondary transplantation). The re-demonstrated a single-step procedure to define and isolate a population of cells with HSC activity. quirement for up to 5000 SP cells for reconstitution of multilineages agrees with previously published data (4). The data presented here suggest that SP cells contain hematopoietic repopulating cells. The SP cells used Goodell et al. showed that SP cells contained most of the competitive repopulating cells in mouse bone marrow; were Sca-1 + and CD34 low/neg (Fig. 1) , confirming an ear-
DISCUSSION
